In this paper we present trap profile measurements for HeLa cells in Optoelectronic Tweezers (OET) based on a data projector. The data projector is used as a light source to illuminate amorphous Si creating virtual electrodes which are used to trap particles through dielectrophoresis. We show that although the trap stiffness is typically greater at the edges of the optical spot it is possible to create a trap with constant trap stiffness by reducing the trap's size until it is similar to the object being trapped. We have successfully created a trap for HeLa cells with a constant trap stiffness of 3x10 -6 Nm -1 (capable of moving the cell up to 50µms
Introduction
Optoelectronic tweezers (OET) are a relatively new micromanipulation technique that complement the established techniques of Optical Tweezers (OT) and Dielectrophoresis (DEP). OET uses the dielectrophoretic force to manipulate particles, however, the metal electrodes, that are usually used in DEP, are replaced by 'virtual electrodes' created by selectively illuminating areas of a thin film of photoconductive material (see Fig. 1 ). These virtual electrodes can then be moved giving the real time continuous control of particles. This continuous control is one of the features of OT that has made it a popular technique however OT requires very high light intensities. The reduced intensity necessary for OET give us the ability to perform massively parallel manipulation of microparticles, with the creation of up to 15,000 traps at once [1] , and to create traps with stiffness similar to OT whilst using 500 times less optical power [2] . It has been shown that OET can be used to manipulate live cells [3] [4] [5] [6] [7] [8] , nanowires [9] , DNA [10, 11] and even gas bubbles [12] . Another method for DEP trapping with no metal electrodes is by using the pyroelectric effect [13] .
Previous work has shown that the properties of the trapped objects are among the factors determining the size and shape of the OET trap. In this report we will specifically look at the properties of cell traps. Using positive DEP, where particles are attracted to the high field region, increasing the power of the incident light has been shown to increase both the strength and the size of an OET trap [3] . In this work we will keep the illumination intensity constant whilst changing the size of the illuminated region and study the effect on the trapped cell. The maximum lateral distance at which cells are affected by the trap has been measured [4] however the forces experienced by cells within the trap have not previously been studied. To study these forces we exert drag forces on the trapped cell by moving the OET chamber with respect to the light pattern. This has been shown to allow the plotting of force versus position profiles of the trap, allowing the calculation of trap stiffness [2] . The light patterns used in these experiments are created by focusing the pattern from a data projector through a 20x microscope objective. The optical pattern created is of constant intensity across the illuminated region which is very different from the Gaussian profile of a laser spot that has previously been studied [2] . The intensity profile of the optical pattern is an important parameter as gradients in the optical image create gradients in the electrical field which in turn produce the force (see Section 3). The optical gradients used here are much lower than would be required for an OT which demonstrates the power of OET as a low intensity technique, not requiring tight focusing of the light, but retaining full control of the position and shape of the trap. . A) to C) show a spot diameter of 73µm, where the optical spot is large compared to the size of the cell it moves to the edge of the optical spot even at low velocities. D) to F) show a 12µm diameter spot, here the trap is similar size to the cell and it stays central at low velocities. X is the lateral distance between the center of the cell and the center of the trap, which are indicated by vertical lines.
Experimental results
The optical setup consisted of a data projector (2400MP, DELL) focused into a 20x objective (N.A. 0.42) within a microscope constructed from Thorlab's 30mm cage system. The OET device consisted of two ITO plates spaced 120µm apart, the bottom plate being coated with 1µm of hydrogenated amorphous silicon. An A.C. voltage of 20V peak to peak was applied at 100kHz. When the OET chamber is moved with respect to the light pattern the drag force on the trapped particle is countered by the DEP force. Due to the cell's low mass the force required to accelerate the cell is insignificant compared to the viscous drag forces e.g. a force of just 1.67x10 -15 N could accelerate the cell to 50µms -1 in the time between video frames if there were no viscous forces present. This compares to viscous forces in the pN range. By increasing the velocity whilst measuring the particle's position within the trap until the particle falls out of the trap, a force profile can be found [2] . However, as will be discussed later, the force profile of the trap varies with height above the amorphous silicon (a-Si) photoconductor. As the particle rests on the lower surface this means that different size particles will experience not just different magnitude forces but different shape traps. Therefore, the force profile should be designed for the particle of interest. One of the main proposed applications for OET is in the manipulation of biological cells so in this work we use a standard cell type, HeLa cells, as analyte. Figure 2 shows HeLa cells being trapped by a 73µm diameter trap and a 12µm trap at increasing velocities. It can be seen that when the trap is much larger than the cell, the cell does not experience any force in the centre of the trap but moves to the edge of the trap even at low velocities. When the trap is similar in size to the cell, the particle is only moved from the centre of the trap at higher velocities. The force on the cell can be calculated from Stokes drag force. As the cell is close to a surface we must also use Faxen's correction [2] . The cell is assumed to be spherical and touching the lower surface. The viscosity of the liquid is assumed to be 1mPas. The position of the particle is measured by recording a video of the particle being trapped at a constant velocity and then using particle tracking software to measure the displacement from the centre of the trap. We can the plot the force verses position profile of each trap, as shown in Fig. 3 . Figure 3 shows that the cells could be trapped at up to 60µms -1 (26.2 pN) with the 31µm diameter trap and 50µms -1 (21.8 pN) with the other spots. For small displacements the larger traps exhibit zero force on the particle. This is not good for fine control of the cell as the trap must be moved far before the cell feels any force. The 12µm diameter trap shows that it is possible to create a trap with constant trap stiffness, which will allow fine control over the position of the cell, the stiffness created was 3x10 -6 Nm -1
. Figure 3 also shows the results of simulations where the cell is assumed to be 3.5µm from the surface, the reasons for this distance are discussed in section 3. 
Simulations
It has been shown that the electrical field gradients created in OET can be numerically modeled by using the Finite Element Method (FEM) [2, 3] . Here the electric fields within the OET chamber are modeled and the resulting gradient of the square of the electric field is used to find the DEP force using the well-know equation [6] ;
where m ε is the permittivity of the medium, Re[k(ω)] is the Clausius-Mossotti factor and 2 E ∇ is the gradient of the electrical field squared [6] . The Clausius-Mossotti factor is given by; with ε the permittivity and σ is the conductivity. Whilst this approach gives good agreement between experimentally measured forces and the simulated forces for small homogeneous particles the modeling of cells is more complicated as the structure of a cell is more complicated. A reasonable approximation can be made by modeling the cell as a single shell of low conductivity material surrounding a highly conductive core [15, 16] .
Dielectrophoretic force can either be positive (pDEP), towards areas of high electric field, or negative (nDEP), away from these areas depending on the sign of the Clausius-Mossotti factor. A cell will experience nDEP at low frequencies and pDEP at high frequencies crossing over at a certain frequency. This crossover frequency is dependent on the physical properties of the suspending medium and the cell. Some of the properties can be deduced by measuring this frequency in liquid of varying conductivity [16] . Cultured HeLa cells were removed from a substrate with trypsin before being re-suspended in an isotonic sugar solution [1] . By adding varying amounts of cell culture medium to the solution the conductivity was varied from 3.2 to 2.2x10 -2 Sm -1 and the crossover frequency was measured as shown in Fig. 4 . The range of conductivities that can be explored is limited by the response of the OET chamber with higher conductivities giving a reduction in the force [14] . The trap stiffness experiments shown earlier in this paper were performed in 1x10 -2 Sm -1 media at 100kHz giving a positive force. , thickness varying from 20 to 1 nm from top to bottom curves. B. Thickness 5nm and conductivity varying from 0.1 to 3µSm -1 from top to bottom curves. The relative permittivity of the medium was assumed to be 78.
These experimental results were compared to a single shell model in MATLAB. The effect of the cell's insulating shell is accounted for by defining an effective permittivity for the core-shell structure that is given by [15] ; [6, 7] ), the crossover frequency for varying medium conductivities can be modeled. It was found that to fit the simulations with the experimentally measured crossover frequencies a membrane conductivity of and thickness of 5nm gave the best agreement. This is consistent with value from the literature where the membrane thickness has been measured as 4.97±0.2nm by scanning electron microscopy [17] . These values give us a Clausius-Mossotti factor of 0.8 at 1x10 5 Hz, the frequency the experiments were performed at. To calculate the force it is now just necessary to find 2 E ∇ . 3D numerical simulations were performed in COMSOL Multiphysics (COMSOL) with the light spot being modeled as a saturated Gaussian that matches the profiles measured from the optical spots from the experiments. These saturated Gaussians are entered into COMSOL as profiles in conductivity of the a-Si varying from 1x10 -6 Sm -1 to 1.5x10 -4 Sm -1 the dark and illuminated conductivities of the a-Si, respectively (see Fig. 5 ). These are the conductivities measured for an illumination power of 2.5Wcm -2 , the intensity produced by our data projector when reduced through a 20x objective. The size and shape of the optical profiles were measured by recording video of the trap and analyzing a frame in a graphics package (National Instruments Vision Assistant). As the images of the traps were projected in red, the red pixel value is used as a measure of the projected light intensity. The optical profiles are shown in Fig. 5(a) and it can be seen that the measured optical profiles match well with saturated Gaussian curves. It has been shown that the conductivity of the photoconductor is proportional to the illumination intensity [14] . A) The profile of the optical spots are plotted as crosses and compared to saturated Gaussian curves plotted as solid lines for optical spot diameters 73µm (blue), 49µm (red), 31µm (green), 12µm (black). B) Simulated force profile at 1µm (green curve, reduced by a factor of 10), 3.5µm (red curve, reduced by a factor of 4) and 7.5µm (blue curve, reduced by a factor of 4/3) above the surface of the OET chamber. The experimental points for the 31µm trap are shown as crosses. Figure 5(b) shows the experimental results for the 31µm diameter trap plotted against the simulated forces at different heights from the a-Si surface. As the cells have a diameter of 15µm, one might expect the simulated forces at 7.5µm from the surface to match the experimental data. However it was found that the shapes of the experimental and simulated traps at this height did not match well.
Using 2 E ∇ at 7.5µm above the a-Si surface is effectively assuming that this value does not vary over the volume of the cell or that the higher forces near the OET surface are cancelled by the lower forces further from the a-Si so that the value half way up the cell is a good average. This is not a valid assumption in this case as the cell is large compared to the distance over which the gradients vary and the force profile closer to the surface is different from the profile further from the a-Si so that the two effects do not cancel each other. From Fig. 5(b) it can be seen that the force profile at 7.5µm from the surface is close to an ideal trap profile where the force is proportional to the displacement, a trap that could be represented with a constant spring constant over the central part of the trap. This means that once the trap is moved a small amount the trapped particle would immediately feel a restoring force pushing it towards the center of the trap. The experimental results however show a trap that is completely flat in the centre and the particle does not experience a force until it is several microns from the centre of the trap. This is similar to the force profiles lower down in the trap, closer to the a-Si. Here 2 E ∇ is greater so to compare the trap profiles the magnitude of the gradients has to be reduced. It was found that the profile at 3.5µm above the a-Si matched the measured trap profiles surprisingly well when reduced by a factor of four for all four traps, as shown in Fig. 3 . As the cell is not visibly deformed the extra force can't be due to the cell being pulled closer to the surface although this may have a small effect. This factor of four is simply the amount that the force at 3.5µm from the a-Si is greater than the average force over the volume of the cell. The simplicity of this modeling method gives us an incredibly useful tool for future experiments allowing us to accurately predict the force on the cell and hence design light patterns that will translate into the patterns of force we desire. One such desirable pattern is a simple ideal trap with a constant spring constant as mentioned earlier. Figure 3 shows that this can be produced by reducing the size of the optical spot to 12µm. Although reducing the illuminated area to this extent does reduce the maximum force that can be exerted by 17%, the stiffness is the same. In this case the trap stiffness is 3x10 -6 Nm -1 and the maximum velocity that can be achieved is 50µms -1 with the 12µm trap. An analytical expression can be fitted to the numerically simulated force profile. It was found that a 3 rd order polynomial could be fitted with good agreement. This expression can then be integrated to find the work done by the trap on the particle which can then be used to find the potential energy. Figure 6 shows the potential energy landscape that the particle experiences due to the trap. The depth of the potential well is found to be 1.6x10 -16 J (4x10 4 k B T).
Conclusions
In this paper we have shown that the profile of an OET trap varies with height from the a-Si surface. This is important since different size particles will experience different trap profile from highly non-linear traps to ideal traps that can be described by a single spring constant. We find that the behavior of HeLa cells can be predicted through numerical modeling with surprising accuracy by simply considering the force at 3.5µm from the surface, reduced by a factor of four. Using this information, we show that it is possible to create an ideal trap where the force is proportional to the distance from the trap centre for HeLA cells in a 12µm trap. The resulting trap has a spring constant of 3x10 -6 Nm -1 , and is capable of moving the cell up to 50µms -1 . We also calculate the potential energy well that the cell experiences due to the trap and find the depth of the well to be 1.6x10 -16 J.
